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ABSTRACT 
This study consists of a pore-scale investigation of two-phase flow dynamics during nanofluid flooding 
in subsurface formations containing non-aqueous phase liquids (NAPLs) such as crude oils. The goal was to 
gain fundamental understanding of the dominant displacement mechanisms of NAPL at different stages of 
nanofluid injection in a carbonate rock using x-ray microtomography integrated with a miniature core-
flooding system. The nanofluid consisted of surfactant-based microemulsions with in-situ synthesized silica 
nanoparticles. After establishing its initial wettability state, the carbonate core sample was subjected to 
various pore volumes (PV) of nanofluid flooding (from 0.5 to 10) to examine the impact on NAPL flow 
dynamics. We found that most NAPL mobilization occurred within the first PV of injection, removing nearly 
50% of NAPL from the rock. The nanofluid invaded into larger pores first with piston-like displacement due 
to a sharp decrease in NAPL/brine interfacial tension (from 14 to 0.5 mN/m) and contact angle (from 140 
to 88). With higher amount of nanofluid delivered into the pores through advection and diffusion, over 
90% of NAPL droplets were emulsified and their size decreased from 9 to 3 µm. Subsequent nanofluid 
injection could further remove NAPL from the smaller pores by altering the thickness of NAPL layers 
adsorbed on the rock. This dynamic solubilization process reached equilibrium after 5 PV of injection, 
leading to a reduced layer thickness (from 12 to 0.2 µm), a narrower in-situ contact angle distribution 
around 81, and an additional 16% of NAPL removal. 




The displacement of non-aqueous phase liquids (NAPLs) such as crude oils by other immiscible fluids is 
important in many porous media applications, including groundwater remediation and oil recovery. The 
introduction of selective chemicals into injected brine can further promote the mobilization and 
solubilization of NAPL by reducing the threshold capillary pressure.1–5 While these phenomena have been 
well documented under steady-state conditions, dynamic effects occurring at early stages of injection are 
still unclear. Microfluidics, confocal microscopy, and advanced imaging techniques such as x-ray 
microcomputed tomography (micro-CT) have been used in the past to gain fundamental understanding of 
the pore-scale dynamics of NAPL displacement in porous media.2,6,7 Compared to indirect core-scale 
measurements, where material balance is often used to calculate NAPL recovery over time, these direct 
imaging techniques make it possible to visualize fluid occupancy in artificial glass specimens or natural 
rocks. Furthermore, these techniques can provide necessary links to fundamental pore-scale displacement 
processes, which cannot be observed by traditional core-scale measurements.8–10 For example, a fast 
synchrotron x-ray CT scanner coupled with a miniature core-flooding system was used to examine the 
dynamics of NAPL mobilization by water flooding in a water-wet Berea sandstone. The brine phase could 
mobilize the trapped non-wetting phase by establishing dynamic fluid connectivity during steady-state 
flow, where the isolated non-wetting phase could be periodically reconnected and form temporary flow 
channels.11 In oil-wet porous media, the brine (nonwetting phase) needed to overcome the negative 
threshold capillary pressure to mobilize NAPL inside the pores. During this drainage process, the 
nonwetting phase could fill dozens of pores in a single step, typically 10-20 pores per event. This 
phenomenon, known as Haines jumps, was attributed to a sharp increase in the non-wetting phase 
saturation when the burst occurred in the porous medium.7,12  
Surfactant flooding has seen several applications in the petroleum and environmental industries. In this 
technique, a surfactant solution is injected into a well, flows through NAPL-bearing geologic formations, 
and is produced from another extraction point.13 In the mobilization mechanism, surfactants tend to 
concentrate at NAPL/brine interfaces and reduce the interfacial tension (IFT), making it energetically 
favorable to remove NAPL from smaller pores compared to brine alone.14 In the solubilization mechanism, 
as the surfactant concentration approaches its critical micelle concentration (CMC), molecules start to 
associate with each other to form micelles with a hydrophobic core. While these micelles dissociate and 
reform, they are able to incorporate NAPL into their core and carry them through the brine phase. The 
solubilization of adsorbed NAPL layers on the mineral surfaces can lead to the reversal of rock wettability 
from oil-wet towards neutral- or water-wet.1–3,15,16  
Dynamic flow studies showed that surfactant molecules are in fact transported through porous media 
by advection and diffusion.10 Their concentration gradients in a sandstone persisted over several millimeter 
length for several minutes during the flooding.17 Upon injection, surfactant molecules could spontaneously 
emulsify NAPL inside the pores at low flow rates.6,8 They also promoted the in-situ solubilization of NAPL in 
the rock. At early stages of alkali surfactant (AS) flooding, AS could mobilize a large fraction of NAPL (about 
75%) and left isolated small NAPL clusters in single pores. These small clusters were gradually solubilized 
during the flooding and contributed to 25% of NAPL recovery. The remaining NAPL clusters after AS flooding 
were immobile due to capillary trapping and would only be removed after further solubilization.9 To better 
understand the pore-scale dynamic mobilization and solubilization, direct pore-scale reactive transport 
modeling was performed with a carbonate rock and a surfactant. The simulations revealed that the dynamic 
wettability alteration of pore surfaces could cause a decrease in the amount of residual NAPL left in the 
invaded pore space and an increase in the number of pores that were invaded. This dynamic wettability 
alteration changed the number of pores and throats that became accessible to the invading brine during 
low salinity water flooding.18  
The mobilization and solubilization capacity of surfactants in carbonates can be further enhanced by 
putting them into microemulsified state.2–4 Microemulsions (MEs) are thermodynamically stable, isotropic, 
and macroscopically homogeneous dispersions of hydrocarbon and brine, often stabilized by a surfactant 
and co-surfactant.19,20 The stability of MEs in harsh environments such as elevated temperatures and brine 
salinities can be boosted with the addition of few nanometer-sized nanoparticles (NPs).21 Together, NPs 
and surfactants tend to adsorb at NAPL/brine interfaces to form stable pickering emulsions. The steric 
forces created by these complex nanofluids provide a mechanical barrier against coalescence and thermal 
fluctuations, such as lamella drainage and hole formation.22–25 The ability of these nanofluids to mobilize 
and solubilize NAPL has been investigated using core-scale experimental techniques.26–29 Soil core data 
indicated that approximately 70% of the prevalent NAPL was removed.30 Hu and co-workers proposed a 
novel method to synthesize NPs inside MEs where a terpene solvent (such as limonene) was used as a 
carrier fluid. Synergistic interactions between NPs and surfactant molecules enhanced their adsorption at 
the limonene/water interface and made them less prone to aggregation or adsorption on the rock. 
Moreover, the ME stabilized by in-situ synthesized NP (or MENP) increased brine viscosity and NAPL 
displacement efficiency with an additional recovery of 19% compared to ME alone.4  
The goal of this study was to gain fundamental understanding of the pore-scale dynamics of NAPL flow 
in carbonates and identify the dominant displacement mechanisms at different stages of MENP injection 
(i.e., 0.5-10 PVs). A micro-CT scanner integrated with a miniature core-flooding system was utilized to 
conduct these experiments at elevated pressure and temperature.  Novel insights were gained on the pore-
scale dynamics of spontaneous emulsification and solubilization of NAPL by MENP nanofluid.  
 
2 EXPERIMENTAL MATERIALS AND METHODS 
 
2.1 Materials  
 
2.1.1 Rock 
The rock consisted of an outcrop from Fond Du Lac carbonate formation in Wisconsin. A mother core 
with a diameter of 1.5 inches and length of 2 inches was drilled from the Fond Du Lac block and then dried 
at 110 oC for 24 hours. After cooling down to ambient temperature, the porosity and permeability of the 
core were measured using a Helium porosimeter-permeameter apparatus (AP -608, Coretest system), 
which were 14.5% and 137 mD, respectively. One miniature core sample with 5 mm in diameter and 48 
mm in length was extracted from the mother core to be used in the miniature core-flooding experiments. 
The absolute brine permeability of the miniature core was measured to be 32 mD. The average 
tomography-based porosity was measured using the histogram threshold method and calculated to be 
14.7%. 
2.1.2 Fluids 
We used a light crude oil from the Permian Basin in Texas as the NAPL phase. The oil was centrifuged 
at 6,000 rpm for one hour and then filtered through a 0.5 µm filter to remove any solid contaminants. The 
brine was synthesized based on the ionic concentration of the reservoir brine from the Permian basin (see 
Table S1). About 7 wt% of diiodomethane (>99%, Sigma Aldrich) was added to the oil to enhance the 




2.2.1 Nanofluid preparation 
We used Triton X-100 (laboratory grade, Sigma Aldrich) and n-dodecyl β- D-maltoside (>98%, Sigma 
Aldrich) as the nonionic surfactants and 2-propanol (ACS grade, Fisher Scientific) as the co-surfactant to 
stabilize d-limonene (96.9%, MP Biomedicals) in brine. The Triton/maltoside/d-limonene/2-propanol were 
mixed with a weight ratio of 2:2:1:0.8. Afterward, brine was added to the mixture in two steps: 1) until the 
water content is 15 wt%, stirred at 200 rpm for 10 min, 2) until brine content is 99.5%, stirred at 500 rpm 
for 10 min. The ME was transparent with a surfactant concentration of 0.33 wt%. The detailed preparation 
procedures are provided in previous studies.2,3,31  
Tetraethyl orthosilicate (>99%, Sigma Aldrich) was selected as the oil-soluble precursor in order to 
synthesize silica (SiO2) NPs in-situ in microemulsions. The precursor was first dissolved in d-limonene then 
the hydrocarbon mixture was used as a nanoreactor to control the sol-gel reaction between water and 
tetraethyl orthosilicate.32 After contacting with water, tetraethyl orthosilicate formed silanol groups by 
hydrolysis and subsequently developed siloxane bridges by a condensation reaction, which resulted in the 
formation of single monodisperse SiO2 nanoparticles, as shown in Equation 1.
32–35  
                                                Si(OC2H5)4 + 2H2O → SiO2 ↓ + 4C2H6O                                                          (1) 
The volume of tetraethyl orthosilicate was pre-determined so that the final concentration of NPs in ME 
was 0.01 wt%. To expedite the chemical reaction, NaOH solution (>97.0%, Fisher Scientific) was slowly 
added as a catalyst and mixed by an ultrasound probe with an amplitude of 25 until the solution pH reached 
10. After reacting for seven days at 60 oC, the solution was titrated by diluted HCl (36.5-38.0%, Fisher 
Scientific) until the pH decreased to 7. Various salts were then added into the solution until the ion 
concentrations reached the values in Table S1.  
 
2.2.3 Nanofluid characterization and thermal stability  
An Environmental Transmission Electron Microscope (Titan ETEM G2, FEI) was used to visualize the 
morphology of ME and MENP at 220 kV. The nanofluids were carefully transferred onto PELCO silicon 
dioxide-support films (Ted Pella, Inc.) and dried overnight at ambient conditions before imaging. We used 
ImageJ software to analyze the micrographs and the nanofluid size distributions were measured based on 
over 100 different droplets. The thermal stability of nanofluids was also investigated using a sedimentation 
method by placing them in closed bottles at 25oC, 60oC, and 80 oC. After seven days, the solutions were 
examined to evaluate their sedimentation or phase separation behavior. 
 
2.2.4 Dynamic interfacial tension and droplet size distribution 
Dynamic interfacial tensions between NAPL and brine were measured with and without MENP using 
rising/captive bubble tensiometry enhanced by image acquisition with a high-resolution charge-coupled 
device (CCD) digital camera and apochromatically corrected lens. The experimental set up includes a 
Hastelloy measurement cell, a Hastelloy dual-cylinder pulse-free Quizix pump (to provide constant flow 
rate and pressure), a temperature control module, a data acquisition computer, an oven, and an in-line 
density meter (Anton Paar DMA HPM) to measure the density of fluids at actual experimental conditions. 
Injection needles with diameters between 0.711 and 1.762 mm were selected for IFT measurements to 
ensure that the Bond numbers were close to unity. The images were captured every 1 min and analyzed by 
the Axisymmetric Drop Shape Analysis (ADSA) software. More details of the experimental procedure can 
be found elsewhere.36  
To evaluate the emulsification ability of the nanofluid, NAPL and brine solutions (50/50 vol.) were 
rigorously mixed for 5 h at a speed of 500 rpm. The rag layer between these two phases was diluted 20 
times by the same brine to improve its transparency to light. The droplet size distribution of emulsions in 
the rag layer was visualized by an inverted microscope (IX83, Olympus) and analyzed by ImageJ software. 
More than 50 different droplets were evaluated in this analysis. The experimental procedure was repeated 
three times to estimate the experimental errors and average values were used in the droplet size 
distribution curves.  
 
2.2.5 Rock characterization 
We used Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN 650F, 
FEI) to evaluate the mineralogy of Fond Du Lac carbonate. The x-ray source was optimized at 25 kV and 6.2 
nA and a Species Identification Protocol “HMS Primary v 1.0" was used to convert raw data to 3 × 3 mm 
mineralogy maps with an optical resolution of 0.73 µm per pixel. The percentages of different minerals 
were further analyzed quantitatively and presented in Table S2. The pore size distribution of Fond Du Lac 
carbonate was also evaluated using a micro-CT scanner (VERSA-XRM500, Zeiss) with a resolution of 1.9 µm 
per pixel. The x-ray source was operated at a voltage of 90 kV and a power of 6 W. After acquiring the 
microtomographic images of the sample, the raw data were analyzed using Avizo Fire 9.4 software. 
 
2.2.6 Flooding experiments 
Microscale flow tests were performed with a miniature core flooding system integrated with a high-
resolution x-ray micro-CT scanner (VERSA-XRM500, Zeiss). A schematic diagram of the experimental setup 
is displayed in Figure S1 (a). The flow system consists of three programmable pulse-free, dual-cylinder 5000 
Series Quizix pumps (one for back pressure regulation and two for NAPL and brine injection from the 
bottom of the core), three Rosemount differential pressure transducers, a custom-built miniature core 
holder made of carbon fiber, and flexible PFA tubings.  The produced liquids were received from the top of 
the core at a constant back pressure. The middle section of the core (cylindrical field of view with 4 mm in 
diameter and 4 mm in length) was scanned at a resolution of 2.09 m during the flooding tests. A voltage 
of 70 kV and a power of 6 W were employed to reduce the noise and enhance the quality of the micro-
tomographic images. 
In order to examine the dynamics of pore-scale displacement, one miniature Fond Du Lac core was 
flooded by various PVs of MENP nanofluid using the experimental procedure shown in Figure S1 (b). The 
core was first placed in a miniature core holder with a confining pressure of 300 psi. Reference images were 
generated by scanning the middle section of the core at a resolution of 2.09 µm per voxel. After injecting 
CO2 into the flow system for one hour to remove any trapped air, the tubings and the core were vacuumed 
for 24 hours, saturated with brine, then flooded with several PVs of brine at 200 psi to dissolve all the 
trapped CO2. NAPL was subsequently injected at a flow rate of 0.01 cc/min to establish the initial water 
saturation (Swi). After aging the core dynamically with NAPL for fourteen days at 0.0002cc/min flow rate 
and 60 oC, various PVs of MENP were injected (0.5, 1, 2, 5, 8, 10) at a flow rate of 0.002 cc/min. In all flow 
tests, the back pressure and confining pressure were maintained at 200 psi and 400 psi, respectively. The 
same location of interest was scanned at the end of each flooding (i.e., primary drainage and nanofluid 
floodings). 
 
2.2.7 Data acquisition and image analysis 
Fluid occupancy maps obtained from the micro-CT images were used to investigate the pore-scale 
displacement physics that controls fluid flow inside the core. The tomography files obtained from the 
micro-CT were then re-constructed to obtain pore and fluid occupancy maps using Avizo Fire 9.4 software. 
During data processing, the non-local means filter was initially applied to smoothen the raw data and 
reduce noises.37 Reference images of the dry core sample were segmented into pore maps, which 
presented the pore topology of Fond Du Lac carbonate. Each wet image set acquired after primary drainage 
and MENP flooding was manually registered to the reference image set pixel-by-pixel. To reduce errors 
caused by the close intensity of doped brine and eliminate grains from the flooded images, registered image 
sets were multiplied by the pore map of the reference image set. The wet image sets were segmented into 
the brine and NAPL phases to obtain fluid occupancy maps by applying the histogram threshold method.38 
The fluid occupancy maps were then used directly to measure the thickness of adsorbed oil layers and in-
situ contact angles as shown in Figure S2. For each flooding test, in-situ contact angles were evaluated using 
over thirty NAPL droplets at different locations of the core with a maximum error of 9%. The selected 
droplets were examined in ten consecutive slides to identify the NAPL/brine/mineral contact line. The 
adsorbed NAPL layer thicknesses were measured over twenty locations in the core after each flooding test. 
Slice-averaged and total saturations of NAPL and brine were determined at the end of each flow test 




3.1 Rock characterization 
Fond Du Lac carbonate is a homogeneous rock with respect to mineralogy and consists of 99.6% of 
dolomite with a small fraction of other minerals, as shown in Figure 1 and Table S2. Its pore topology and 
size distribution were obtained from microtomography images and are displayed in the same figure. This 
rock has a wide pore size distribution with two peaks at about 15 µm and 110 µm, which indicates the 
presence of narrow throats and relatively larger pores. This characteristic makes it easier for the rock to 
trap NAPL. To determine whether the scanned field of view (FOV) was within porosity- and saturation-
based representative elementary volume (REV), the variation of porosity and water saturation after 
injection 10 PV of MENP with changes in volume was investigated in Figure S3. The porosities and water 
saturation of cubical sub-volumes of the FOV with various lengths from 0.1 to 2.3 mm were calculated. The 
sub-volume beyond which the petrophysical properties showed no significant fluctuation was considered 
as the REV. Figure S3 shows that the porosity and water saturation varied significantly until the cubical sub-
volume lengths were large than 1.8 mm and 2.0 mm, respectively. These sub-volume lengths were much 
smaller than the length of the FOV (4 mm). Thus, the porosity and saturation estimated within the FOV can 
represent the overall properties of the core sample. 
 
3.2 Microemulsion phase behavior 
Figure S4 illustrates the preparation history and phase behavior of microemulsions from their pseudo-
ternary phase diagram. Triton X-100, n-dodecyl β-D-maltoside, and 2-propanol were mixed at a fixed weight 
ratio of 2/2/0.8 to form Smix. D-limonene was then added to the solution at different weight ratios (from 
1/9 to 9/1) and the phase diagram was obtained by titrating these mixtures with brine at different 
concentrations (from 10% to 90%). The dashed arrow depicted in Figure S4 indicates the path of 
microemulsion dilution in brine until 0.33 wt% surfactant concentration was reached. When mixed at a 
specific weight ratio of 2/2/1/1/0.8, triton/maltoside/limonene/brine provided stable and transparent 
microemulsions at ambient conditions over a period of 6 months.3 The Smix to d-limonene ratio played an 
important role in the preparation of microemulsions. Figure S4 shows that transparent microemulsions 
were formed in the area above the red dashed line during the titration process, where the ratio was higher 
than 3/7. In contrast, milky white emulsions were formed in the area below the red dashed line, where the 
ratio was lower than 3/7. 
 
3.3. TEM micrographs and thermal stability  
The TEM micrographs of ME, NP, and MENP are given in Figure 2, together with their size distributions. 
In MENP, a large number of small NPs with an average diameter of 2.7 nm were produced in-situ by the 
sol-gel reaction between water and tetraethyl orthosilicate.4 These NPs remained at the d-limonene/water 
interface owing to the high detachment energy, and generated stable pickering emulsions.4 As a result, the 
size of MENP droplets was slightly smaller than ME ones, with an average value of 65 nm compared to 79 
nm. The stability of nanofluids was also examined at various temperatures using the sedimentation method 
in Section 2.1.3 (Figure S5). Both ME and MENP were stable and transparent at 25 oC and 60 oC for seven 
days, however ME became cloudy at 80 oC following the coalescence of d-limonene droplets. MENP, on the 
other hand, remained stable and transparent due to the presence of NPs, which provided an additional 
steric barrier toward coalescence. Therefore, MENP was selected as the chemical of choice in the following 
sections. 
 
3.4 Dynamic interfacial tension and drop size distribution 
The effect of MENP on the dynamic IFT between NAPL and brine was measured at 60 oC and 200 psi 
(Figure 3). The introduction of MENP to brine rapidly decreased the IFT from 14.2 to 0.49 mN/m due to the 
cumulative effect of surface-active additives (i.e., surfactants and nanoparticles) and organic solvents (i.e., 
carrier fluid and alcohol), which adsorbed at the NAPL/water interface or partitioned between the two 
phases, reduced the surface energy, and modified the polarity of NAPL and brine.39 Synergistic effects 
between surfactants and NPs further enhanced the stability of the interfacial layer. Together, they 
exhibited a faster diffusion rate to the interface and a lower adsorption energy barrier (activation energy), 
resulting in faster IFT reduction with lower equilibrium values.40  
The emulsification ability of MENP was quantitatively evaluated in Figure 4 by analyzing the size of NAPL 
droplets in the diluted rug layer, according the procedures described in Section 2.2.3. In the synthesized 
reservoir bine, NAPL droplets had a bimodal distribution with two peaks at about 140 µm and 450 µm, 
respectively. The addition of MENP to brine reduced their size by over one order of magnitude (20 µm) and 
made them less polydisperse. This improved emulsification ability had significant implications of NAPL 
mobilization in the pore spaces, as presented in Section 3.7. 
 
3.5 In-situ contact angle 
The in-situ contact angles of NAPL droplets in the carbonate rock were measured at the end of primary 
drainage. Figure 5 reveals that these angles spanned over a relatively wide range (i.e., from 90o to 180o) 
with an average value of 140 o. A large fraction of the pores became strongly NAPL-wet after the NAPL aging 
process and a smaller fraction was neutral-wet or weakly NAPL-wet. This wettability alteration could be 
explained by the formation of strong chemical bonds between carbonate and carboxylate groups of NAPL 
molecules, leading to the formation of adsorbed NAPL layers on the mineral surfaces.2,9  
The dynamics of wettability reversal by MENP was investigated next. After injecting 0.5 and 1 PV of 
nanofluid, the average contact angle sharply reduced to 104o and 88o, respectively. The angle smaller than 
90o indicates that threshold capillary pressures in the porous medium became positive, which favored NAPL 
mobilization through the rock. Injecting 2, 5, and 10 PV of MENP could further decrease the average contact 
angle to stabilize at 81o. Even though this decrease was not significant, it had a prominent impact on the 
angle distribution in the porous medium. Figure 5 shows that the contact angles on carbonate surfaces had 
a wide distribution after 0.5 and 1 PV of nanofluid injection. With the limited amount of chemical delivered 
into the rock, MENP could not fully solubilize the adsorbed NAPL layers and a fraction of the pores remained 
NAPL-wet. After 2, 5 and 10 PV of nanofluid injection, these NAPL-wet pore surfaces were restored back to 
neutral or water-wet and exhibited a narrower contact angle distribution. This phenomenon was attributed 
to a higher solubilization of adsorbed NAPL layers by MENP, as discussed in the next sections. 
 
3.6 Primary drainage 
NAPL was injected at 0.01 cc/min into a core sample fully saturated with brine until an average initial 
water saturation of 10.7% was established. Figure 6 displays the water saturation profile and its average 
value calculated from about 2000 slides in the FOV. Since the drainage was under capillary-dominated flow 
regime with a capillary number of about 1.6 x 10-6, NAPL first invaded into the large pores and then 
gradually filled the smaller capillary elements (i.e., small pores and throats). This displacement pattern was 
confirmed in the two-dimensional images of pore spaces at the end of primary drainage (Figure 7). 
 
3.7 MENP flooding 
In order to examine the dynamics of NAPL removal by nanofluid flooding, different pore volumes of 
MENP (0.5, 1, 2, 5, and 10) were injected into the core at a flow rate of 0.002 cc/min. Figure 6 presents the 
water saturation profiles after the injection of each PV. A significant increase in water saturation (from 
10.7% to 49.3%) was observed during the first PV injected. The sharp IFT decline to 0.49 mN/m resulted in 
the formation of very small NAPL droplets that could be easily mobilized through the porous rock (Figure 
3). MENP could also to restore the wettability of dolomite surfaces back to their water-wet state with an 
average contact angle of 88o after 1 PV of MENP injection (Figure 5). As a result, the threshold capillary 
pressures were reduced by several orders of magnitude, enabling MENP to invade more pore/throat 
junctions and smaller pores, and consequently recover more NAPL.41  
The superior ability of MENP to emulsify NAPL was confirmed by the direct pore-scale observations of 
NAPL displacement in Figure 7. A closer examination of the dynamic flooding process shows that the 
aqueous phase could spontaneously emulsify NAPL into small droplets after 0.5 PV of MENP injection. 
These smaller droplet sizes provided larger interfacial surface areas where NPs and surfactants interacted 
to form rigid layers that constituted mechanical barriers against coalescence.22–25 Upon the injection of an 
additional 0.5 PV of MENP, most of the emulsified NAPL droplets were removed from the core. The 
spontaneous emulsification behavior was quantitatively analyzed using the statistical analysis module in 
Avizo. After selecting thirty pore spaces containing emulsified NAPL droplets, we found that MENP was able 
to mobilize 97.6% of these emulsions and reduce their average size from 9.4 µm to 3.1 µm after 1 PV of 
injection, as shown in Figure 8. With increasing amount of nanofluid injection, the dynamic process reached 
equilibrium and formed small emulsified NAPL droplets with 2.6 µm in diameter. This behavior could be 
explained by the dynamics of advection, diffusion, and adsorption of chemical additives in porous 
media.10,42 During MENP injection, a fraction of additives adsorbed at the brine/NAPL and brine/rock 
interfaces and another fraction was diluted by the reservoir brine. Therefore, the additive concentrations 
inside the core were lower than those prior to injection. With larger amount of MENP delivered into the 
pores, the concentration of MENP gradually increased and reached equilibrium. 
The solubilization ability of MENP was investigated by examining the layer thinning process at the angle 
of view shown in Figure 7 (a). To better visualize the adsorbed NAPL layers, the fluid configuration in the 
capillary element was presented in three-dimensions without the rock grain phase (Figure 9). At 0.5 PV of 
MENP injection, NAPL layers with 12.2 µm thickness were adsorbed on the mineral surfaces and covered 
almost all the grain surfaces. The thinning process started at 1 PV with a thickness reduced to 6.5 µm. After 
2 PV of MENP injection, a significant portion of the adsorbed NAPL layers was cleaned up and their average 
thickness decreased to 2.3 µm. This dynamic solubilization process reached equilibrium after 5 PV of MENP 
injection when the average layer thickness decreased to a value below the image resolution limit. The ability 
of MENP to solubilize adsorbed layers resulted in a wettability restoration and its dynamics was consistent 
with the in-situ contact angle distributions in Figure 5. This solubilization contributed to 16% of additional 
NAPL removal at a later stage of nanofluid flooding (2, 5, and 10 PV). 
 
4 CONCLUSIONS 
The dynamics of NAPL displacement in porous media was examined using Fond Du Lac carbonate, 
Permian crude oil, and MENP nanofluid containing microemulsions stabilized by in-situ synthesized 
nanoparticles. After establishing an initial water saturation of 10%, the aged carbonate was subjected to 
core-flooding experiments under capillary flow regime with various pore volumes of injected MENP and 
visualized by x-ray microtomography. A systematic analysis of the dynamic IFT, in-situ contact angle 
distribution, emulsified NAPL droplet size, fluid occupancy, saturation profiles, and adsorbed NAPL layer 
thickness after each flooding was used to understand the dominant displacement mechanisms of NAPL at 
different stages of nanofluid injection. The main conclusions are summarized below: 
1. MENP spontaneously emulsified NAPL into micron-sized droplets (3 µm) and effectively mobilized 
some of them through the rock during the first pore volume of nanofluid injection. The piston-like 
mobilization mechanism resulted from a sharp decrease in NAPL/brine IFT (0.5 mN/m) and average 
in-situ contact angle (88).  
2. With increasing concentration of nanofluid delivered into the rock through advection and diffusion, 
NAPL droplets became even smaller (2.6 µm) and were able to invade into small pores and alter 
their wettability. The dynamic solubilization process reached equilibrium after 5 PV of MENP 
injection, leading to a reduced NAPL layer thickness (0.2 µm), a narrower in-situ contact angle 
distribution (81), and an additional 16 vol% of NAPL removal. 
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Figure 1. (a) Mineralogy map, (b) x-ray microtomographic image, and (c) pore size distribution of Fond Du 
Lac carbonate. 
 





























Figure 2. (a) Size distribution and (b) TEM micrographs 





































Figure 3. The dynamic interfacial tension between NAPL and brine (with and without MENP) at 60o and 
200 psi. 
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Figure 4. (a) Size distribution of Permian oil droplets in diluted rag 
layer between NAPL and brine solutions. Microscopy images of 








































Figure 5. (a) In-situ contact angle distributions, and (b) average contact angles of NAPL droplets after 
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Figure 6. (a) Saturation profile at the end of MENP flooding with various injection pore volumes, and (b) 
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Figure 7. 2D visualization of the pores after (a) primary drainage and injection of (b) 0.5 PV, (c) 1.0 PV, (d) 
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Figure 8. (a) Amount and b) average diameter of emulsified NAPL droplets in pores after various pore 
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Figure 9. (a) 3D visualization of the pores and (b) variation of adsorbed NAPL layer thickness after various 
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